Abstract This paper studies how pozzolan properties including particle size, specific surface, chemical and mineral composition, amorphousness and water demand, affect their reactivity as well as the strength of lime-pozzolan pastes. Reactivity was evaluated with chemical, mechanical and mineralogical methods. A number of artificial pozzolans were investigated including Ground Granulated Blastfurnace Slag (GGBS); Leca; Pulverised Fuel Ash (PFA); Calcined Clay (Metastar); Microsilica (MS); Rice Husk Ash (RHA); Red Brick Dust (RBD); Tile and Yellow Brick Dust (YBD). The paper concludes that the pozzolan's specific surface has a much greater influence on the water demand of the paste than its particle size or the lime:pozzolan ratio. It was evidenced that each pozzolan has a particular water demand for a given workability that increased with its specific surface; and that the replacement of lime by pozzolan lowers the water demand of the paste except for Metastar, on account of its greater fineness and specific surface. There is a good correlation between the chemical and physical activity indices and the rate of portlandite consumption. These evidenced that the most amorphous pozzolans (Metastar, GGBS, RHA and MS) are the most active. Finally, it also appears from the results, that the amount of lime combined by reactive crystalline phases in the pozzolans is insignificant when compared to that bound by their amorphous fraction. The paper concludes that amorphousness determines pozzolan reactivity to a much greater extent than any other pozzolan property. It also concludes that the specific surface area of the pozzolan governs the water demand of the paste, while amorphousness largely determines the strength of the paste. In contrast, the chemical composition of the pozzolan is not instrumental as a variable affecting neither pozzolan reactivity nor the strength of the paste.
Introduction
Pozzolans are materials with an amorphous siliceous or siliceous and aluminous content that react with calcium hydroxide in the presence of water to form cementitious hydration products (calcium silicate hydrates and calcium silicate aluminate hydrates).
In many ancient civilizations, pozzolans were used to enhance the properties of lime, and many structures are still extant as a testament to the durability of limepozzolan mortars and concrete. Evidence of the use of pozzolans has been found in the Neolithic period (7000 BC) in Galilee [1] referring to Malinowski et al.), the Minoan civilization (2700 to 1450 BC) [2] and Ancient Greece (1500 BC) [3] referring to Jiang and Roy. The Roman Empire is however the most synonymous with the use of pozzolans, the name deriving from the volcanic rock pozzolana, found near Naples. The Romans used both natural and artificial pozzolans such as brick and tile dust. According to historic records [4, 5, 6] and current research [7] the Romans preferred pure lime to the more hydraulic types, rendering the lime hydraulic with the addition of pozzolans. The use of lime binders decreased with the development of cements in the early nineteenth century, however, these are regaining popularity as an environmentally sustainable alternative to concrete. Their environmental credentials are based on their lower production energy consumption and the reabsorption of the CO 2 emitted during burning. Artificial pozzolans are often industrial or agricultural byproducts, therefore their use with lime in construction is a better alternative than landfill disposal.
Pure lime hardens by carbonation, however the introduction of pozzolans alters the hardening process by imparting a hydraulic set. The hydration products of lime/pozzolan pastes are similar to those found in a hydraulic lime mortars and cements [8] although their formation is considerably slower than in cement pastes.
A pozzolan's activity refers to both its capacity of binding lime and the rate at which the binding reaction takes place, therefore, it covers all the reactions taking place between the active components of the pozzolan, lime and water. The reactivity of a pozzolan depends on its chemical and mineralogical composition, the type and proportion of its active phases, the particle's specific surface area, the ratio of lime to pozzolan, water content, curing time and temperature [8] . In addition, the rate of lime combination increases in the presence of sulfates such as gypsum and Na 2 SO 4 and other chemicals such as CaCl 2 [9] . It is widely accepted that an increase of specific area and/or decrease in particle size will expose a greater surface to chemical reaction enhancing reactivity. It is also widely accepted that amorphous structures are more reactive than crystalline ones, on account of the greater mobility and superficial location of their atoms. Glassy pozzolans with a limited amount of non-reactive, crystalline minerals are considered to be very active, while, on the contrary, weak pozzolans contain little glass and considerable amounts of crystalline minerals.
It has been proven that lime mortars with hydraulic properties display outstanding physical properties and durability both alone and when combined with masonry [10] [11] [12] . Pozzolans render lime hydraulic, therefore, they may enhance certain properties of lime mortars thus increasing their applications and potential.
This research was undertaken in order to ascertain the influence of some physical properties of pozzolans including particle size and specific surface, chemical and mineral composition, amorphousness and water demand on the pozzolan's reactivity; and how these properties affect the water demand and mechanical performance of lime-pozzolan pastes. Reactivity was evaluated with chemical methods (measuring changes in conductivity of a lime/pozzolan solution over time) as well as mechanical methods (assessing compressive strength development over time) and mineralogical methods (monitoring portlandite consumption by X-ray diffraction). It is hoped that this research will assist understanding and predicting the behavior and quality of pozzolan composites for building.
Materials and methods

Materials
A hydrated commercial lime (CL90s-calcium lime) complying with EN 459-1 [13] was used. Nine pozzolans were investigated including Ground Granulated Blastfurnace Slag (GGBS); Leca; Pulverised Fuel Ash (PFA); Calcined Clay (Metastar); Microsilica (MS); Rice Husk Ash (RHA); Red Brick Dust (RBD); Tile and Yellow Brick Dust (YBD). Their chemical composition is included in Table 1 . Two lime:pozzolan ratios 1:1 and 1:3 (by weight) were investigated with water content to produce a flow diameter of 165 mm measured by the flow test.
Chemical and mineralogical composition
and amorphousness of the pozzolans
The chemical composition was determined by XRF analysis, with a ThermoFisher Scientific and Edwards Analytical using a Quant'X EDX Spectrometer and UniQuant analysis package. An elemental quantitative analysis was carried out. The samples were mixed with Hoescht wax in the ratio 0.1 wax/sample, and pressed into aluminum sample cups using a hydraulic press at 10 tonnes for 60 s.
The mineralogical composition and amorphous character of the pozzolans was analysed by X-ray diffraction (XRD), using a Phillips PW1720 XRD with a PW1050/80 goniometer and a PW3313/20 Cu Ka anode tube at 40 kV and 20 mA. All measurements were taken from 3°to 60°(2h) at a step size of 0.02°/s. Crystalline minerals may not be detected by XRD if their amount falls below 5% or they are concealed by other mineral peaks. The amorphous character of the pozzolan is represented on the XRD by a broad hump which that cannot be accurately measured, however the degree of amorphousness of the pozzolan is indicated by the size of the hump [14] .
Particle size and surface area of the pozzolans
The particle size was determined using a Malvern Mastersizer 2000 based on the measurement technique of laser diffraction. The specific surface area was measured using a Quantachrome Nova 4200e and the BET method, a model isotherm based on adsorption of gas on a surface.
Pozzolan reactivity
Pozzolanic reactivity indicates how quickly after mixing the pozzolanic material reacts with portlandite and the rate at which the reaction takes place. In effect, it is a measure of how effective the pozzolan is. Accurately deducing a pozzolan's reactivity is complex [15] and dependant on the methodology. For this reason, the reactivity was determined using the three methods below.
Early rate of pozzolanic reaction: speed of portlandite consumption
The progress of the pozzolanic reaction was investigated by recording new-formed hydration products and changes in the relative amounts of portlandite and calcite in the XRD trace analysed as mentioned above. The relative amounts of portlandite and calcite were approximately calculated by measuring the net area under the main peak. The paste (in a lime:pozzolan ratio of 1:3) was placed directly into the XRD bulk cavity mounts in a layer approximately 2 mm thick. The samples were analysed at 6 h, 1 day, 3 days, 1 week, 1 month and 4 months, and stored unsealed between testing in a curing room at 20 ± 3°C and RH 60 ± 10%. As the pastes cured, the portlandite was used for both carbonation (to form calcite) and pozzolanic reaction (to form hydration products). Therefore, the speed of consumption of portlandite corresponds to the early rate of pozzolanic reaction. Calcite production depends on the presence of portlandite therefore, it was assumed that, if calcite was being formed, portlandite was still available and thus the pozzolanic reaction still active.
Mechanical activity index
The mechanical method was undertaken according to EN 450-1 [16] . This measures reactivity by monitoring the compressive strength development of a lime:pozzolan mix in relation to a standard lime mix at constant water content over 28 days. The same method was applied to all pozzolans. A fixed water content was not possible as the pozzolans have different water demand, thus the same quantity of water yielded a sloppy mix with some pozzolans and a dry ''breadcrumb'' mix with others. Therefore, in order to determine a suitable water content, the pozzolans were mixed to flow and, according to the results obtained, they were subdivided into two groups of high and low water demand. The GGBS, Leca, PFA, RBD, Tile and YBD had a lime:pozzolan:sand:water ratio of 1:1:3:1 and therefore a binder:-water ratio of 0.5. The remaining three pozzolans: Metastar, MS and RHA, have a higher water demand 
Chemical activity
The chemical method followed the pozzolanic reaction indirectly by measuring the changes in the conductivity of a saturated lime and pozzolan solution.
The fixation of dissolved Ca(OH) 2 by both pozzolan particles forming hydration products and carbonation, reduce portlandite concentration in solution leading to a decrease in conductivity. A saturated solution of lime in distilled water provided an electrical conductivity reading of approx 9.8 mS at 20°C. 4 g of pozzolan were added to the solution. The solution was continuously stirred by a magnetic stirrer and the conductivity and temperature measured at intervals over 125 h using a WTW LF 197 conductivity meter with a Tetracon 325 probe. The conductivity of the pozzolan in distilled water was also measured in order to assess the pozzolan contribution to the conductivity (water soluble salt content and solubility of the pozzolans).
Water demand of the lime/pozzolan pastes
The water demand of the pozzolans (amount of water required to produce a specific flow value) was assessed by measuring the initial flow in accordance with EN 459-2 [17], for lime:pozzolan ratios of 1:1 and 1:3. The water content was adjusted until the sample, upon removing the mould, gave a flow a diameter of 165 mm after 15 jolts on the flow table.
Mixing was in accordance with EN 459-2 except for sand being replaced with the pozzolan which was added after 1 min and the mixing stopped for 30 s.
3 Results and discussion
Physical properties and composition of pozzolans
Particle size and specific surface are important because they affect reactivity. The particle size distribution of the pozzolans is included in Fig. 1 . According to the results, the Metastar, RHA, GGBS and PFA are the finest pozzolans (finer than lime). The MS particles flocculated during the laser analysis on account of their extremely small size, therefore the MS result in Fig. 1 is not correct, and the MS is much finer than determined by the laser method. According to the producer, 60% of the MS particles are sized under 1 lm, therefore the MS is the finest pozzolan.
The specific surface area of the pozzolans appears in Table 1 . According to these results, the MS, Metastar and RHA have a much greater specific surface than any of the other pozzolans. By comparing the particle size and surface area of the pozzolans, an indication of the shape and surface texture of their particles can be obtained. RHA and GGBS have a similar particle size however RHA has a greater surface area, this agrees with the planar geometry and smooth surface of the GGBS determined with scanning electron microscopy (SEM) (Fig. 2) . Similarly, the PFA, RBD and tile have a comparable surface area and a different particle size indicating that the PFA, with the lowest particle size, has a smoother surface and/or more regular geometry than the tile and RBD. The directional shading, with the brightest particles sending a higher signal, was due to the use of back scattered in low vacuum. This further enables an easy recognition of the particle configuration. The chemical composition of the pozzolans is included in Table 2 . According to these results, GGBS contains at least 75% more calcium than any other pozzolan. It is well known since early times that free lime content enhances pozzolan reactivity in PC composites: the hydraulic properties of the slags used for cement slag production increase with the amount of CaO in the slag [18] . However, in this research, the CL90s binder contributes high amounts of free lime to the paste, and therefore the calcium contained in the pozzolan may not determine reactivity.
Pozzolanic reaction is governed by the active silica and alumina contents and the specific surface of the pozzolan. A high specific surface makes lime combination easier. However, according to Massazza [8] , this only applies to the earlier stages of the pozzolanic reaction whereas at longer ages, the pozzolanic reaction is mainly controlled by the active silica and alumina content. According to their SiO 2 ? Al 2 O 3 content, the pozzolans would rate, from more to less reactive, as follows: Metastar, RHA, MS, PFA, YBD, Leca, RBD, Tile, GGBS. These results refer to the total SiO 2 ? Al 2 O 3 content, however, a certain fraction may not be active therefore, the chemical composition cannot be investigated alone but it needs to take into consideration the mineralogy and amorphousness of the pozzolan which are included in Table 3 . According to these results, the rate of amorphousness of the pozzolan was loosely categorised into four groups ranging from totally amorphous (displaying a large amorphous hump and no crystalline fraction in the XRD pattern) to slightly amorphous (very small amorphous hump).
As aforementioned, glassy pozzolans with only a limited amount of non-reactive crystalline minerals are considered very active, while pozzolans with a low glass content and a considerable amount of crystalline minerals are assumed to posses a weak activity. According to this, GGBS, Metastar, MS and RHA are the most reactive; followed by Leca and [19, 20] . In addition, even the most advanced structural characterization techniques such as the X-ray diffraction system used, have difficulty in distinguishing between amorphous and very finely grained crystalline solids, due to the similarity of their interatomic distances: even amorphous materials have some short-range atomic order and, in very small crystals, a large fraction of the atoms are at or near the surface distorting atomic positions and decreasing structural order [21] . As a result of all the above, the amount of lime bound by the pozzolan's crystalline fraction may be underestimated. Therefore, this research investigated whether this amount was measurable, by contrasting the reactivity of the pozzolans with their mineralogical composition. The X-ray diffraction results evidenced that all pozzolans except for GGBS (which is totally amorphous) and MS and RHA (which are totally siliceous) contain a significant crystalline fraction consisting of silicoaluminates such as mullite-3Al 2 Table 3 ). Occasionally, the pozzolans also contain calcium/magnesium silicates such as wollastonite CaSiO 3 and wadsleyite b-Mg 2 SiO 4 ; Metastarllic oxides/ hydroxides (hematite Fe 2 O 3 , tohdite 5Al 2 O 3 ÁH 2 O and aluminum oxide) and calcium sulphates (anhydrite and gypsum). These are reactive minerals, somewhat comparable to the calcium silicates and aluminate constituents of Portland cement clinkers, therefore, some of these can be binding a considerable amount of lime.
Influence of physical properties of pozzolans on their water demand
The results indicate that the water demand of the lime:pozzolan paste depends on the pozzolan's particle size and specific surface, and on the lime:pozzolan ratio. However, it was clearly evidenced that specific surface has a much greater influence on water demand than the particle size or the lime:pozzolan ratio. According to the flow test, finer pozzolans have a greater water demand (Fig. 3 ). This agrees with the well known fact of finer particles requiring a greater amount of water to produce a given workability. In addition, as it can be seen from Fig. 3 , there is a linear relationship between water demand and pozzolan content: the replacement of lime by pozzolan lowered the water demand of all pastes with the exception of Metastar. This is likely due to the greater water demand of the Metastar with respect to lime, on account of its high specific surface.
The influence of the specific surface of the pozzolan on the water demand of the paste is included in Fig. 4 . As expected, a greater amount of water was required by the pozzolans with a greater surface (Table 1) ; and specific surface had a much greater influence on water demand than particle size (RHA and GGBS have a similar particle size while RHA has a greater surface and a significantly higher water demand). Finally, the specific surface of the pozzolan has a much greater influence on the water demand of the paste than the amount of pozzolan in the mix; this is demonstrated by the bigger difference in water demand between the ratio 1:1 and 1:3 for a pozzolan of low surface area than for one of a higher surface area (Fig. 4) . It was also noted, that each pozzolan needed a specific amount of water in order to produce a given flow. An equation was formulated in order to calculate the specific water demand of each pozzolan (WDP) (Eq. 1). This was based on the water demand of the lime (water: lime ratio for the lime to flow 165 mm is 0.862), the amount of lime and pozzolan, and the total water content of the paste.
where W is the total amount of water in the mix (g); L amount of lime (g); P amount of pozzolan (g); and WDL = 0.862 g. The WDP (expressed as grams of water per gram of pozzolan) was calculated according to Eq. 1 as an average of two ratios (1:1 and 1:3). The difference between the two ratios was typically under 10% except for the Leca and YBD. This was probably due to nonhomogenous character of these pozzolans, including a wide range of particle sizes. According to Eq. 1, GGBS has a water demand of 0.28 g, Leca 0.27 g, Metastar This equation applies to the pozzolans in this paper (with a given particle size and specific surface area) and, for example, if a brick dust with a greater specific surface area was used, it would require a higher water content to achieve a particular flow. However, once the water demand of a particular pozzolan has been determined, the equation allows to accurately predict water demand for a given flow when varying the lime:pozzolan proportions.
According to these results, the pozzolans were divided into two groups of high (Metastar, MS and RHA) and low (GGBS, Leca, PFA, RBD, Tile and YBD) water demand respectively.
Early rate of pozzolanic reaction: speed of portlandite consumption
As aforementioned, the progress of the pozzolanic reaction was investigated by recording new-formed minerals and changes in the relative amounts of portlandite and calcite in the XRD trace. However, no new-formed hydration products were detected, on an extended timescale, using XRD. This is possibly on account of their amorphous character or concealment by other mineral peaks. Despite the limitations of XRD to provide quantifiable results, it was decided to investigate the progress of the pozzolanic reaction by recording changes in the relative amounts of portlandite and calcite. As the lime/pozzolan pastes cured, the portlandite was used in both carbonation (to form calcite) and in pozzolanic reactions (to form hydration products).
In order to estimate the amount of portlandite used for carbonation the consumption of portlandite in a pure lime sample was monitored (Table 4) .
Therefore, the speed of consumption of portlandite (Table 4) corresponds to the early rate of pozzolanic reaction. The results can broadly separate the pozzolans into three groups. Within the first six hours GGBS, Metastar, Leca, and RHA have completely consumed the portlandite through carbonation and formation of hydration products. This period is extended to between 6 and 24 h for PFA and MS. The presence of portlandite after 3 days for the brick dusts suggests much slower reaction kinetics. As expected, a lime and lime/sand mix, which relies solely on carbonation, has a larger proportion of portlandite remaining after 7 days.
Mechanical activity index
The pozzolanic index measured by the mechanical method, expressed as the ratio of the compressive strength of the lime/pozzolan mix to a standard lime/ sand mix, is listed in Table 4 . In all cases, the addition of the pozzolan increased the compressive strength of the lime mix measured after 28 days. Metastar and GGBS produced much higher mechanical activity indices than any of the other pozzolans; followed by the high-silica pozzolans RHA and MS (68% reduction when compared to Metastar); and finally the PFA, Leca and the brick dusts with an index 89% lower than that of the Metastar pozzolan.
According to Massazza [8] the acceleration of the pozzolanic reaction positively affects strength development but the rate of strength increase depends on the type of pozzolan.
The results indicate that compressive strength and hence the mechanical activity index, is not only dependant on the amount of combined lime but also on the packing effect induced by the pozzolan and the microstructure of the hydration products formed. The results confirmed that reactivity, measured as strength development, increases with decreasing particle size (D90-90% of the particles under this size) (Fig. 5) . The well known physical filler effect of fine pozzolans, packing the space between large particles and thus increasing density, may be partially responsible for the high strength of the finer pozzolans GGBS, Metastar and RHA. MS probably benefits from the same effect, however, it has not been included in Fig. 5 as a result of the lack of laser data due to flocculation.
The pozzolans of higher water demand are those with the greater 28-day strength, therefore, the water demand of the pozzolan does not affect the compressive strength of the paste.
The compressive strength of the paste is also dependant on the type and microstructure of the hydration products formed [22] , with silicate hydrates -, Not sensitive to this method a 43.5% is the % of portlandite at 6 h in a pure lime sample contributing more to strength than aluminate hydrates. The results evidenced that increasing silica content of the pozzolan results in higher mechanical indices (Fig. 6) . However, there are two significant exceptions: GGBS and Metastar. The high strength of these two pozzolans can be ascribed to their physical filler effect (they are amongst the finest) and their chemical reactivity (Metastar has the highest chemical index while GGBS contains at least 75% more calcium than any other pozzolan). No hydraulic phases were determined in the GGBS by XRD, however, the limit of detection of this technique is 5%. Therefore, the hydraulic character of the GGBS can be further contributing to the early strength of the paste. The silica content above refers to both crystalline and amorphous silica. However, in order to be reactive, silica must be present in an amorphous form. A clear relationship between increasing amorphous content (Table 3 ) and increasing mechanical reactivity was established for the nine pozzolans (Fig. 7) .
Chemical activity
The chemical method, in which changes in conductivity of a lime/pozzolan solution were measured over time [23, 24] , depicted four phases of activity similar to the four stages defined by McCarter and Tran [25] . The results are shown in Table 4 and Fig. 8 .
During the first 3-5 h (phase 1), the conductivity reduced significantly by between 10 and 30%. The rate of this decrease was typically between 3 and 10% per hour. According to phase 1, Metastar, RHA and MS are the most reactive. It could be argued for this initial conductivity to be overestimated as a result of the pozzolan's solubility and the presence of water soluble salts within the pozzolan. However, as it can be seen from Table 4 (conductivity of the pozzolans in water), this is not the case, on the contrary the most reactive pozzolans in phase 1 are amongst the least soluble. In relation to the presence of water soluble salts increasing conductivity measurements, as it can be seen from Table 2 , tile and RBD are the pozzolans with the highest salt content however they are not amongst the most reactive.
Phase 1 was followed by a latent period (phase 2) where there was a gradual reduction in conductivity, the length of which depends on the reactivity of the pozzolan varying from approximately 20-90 h, with a rate of decrease of less than 1% per hour. The latent period was followed by a significant drop in conductivity of between 40 and 70% (phase 3), at a drop-rate of over 1.5% per hour, extending over a period of approximately 20 h. Following this rapid decrease, the reaction appears exhausted and a constant conductivity was maintained (phase 4). The rate of change of conductivity during phase 1 and the rate of change of conductivity over time for phases 1, 2 and 3 (included in Table 4 as chemical index) was used to quantify the rate of pozzolanic activity of the material [25] . Both the phase 1 drop and the chemical index evidenced that the Metastar, RHA and MS are the most reactive.
GGBS and Leca do not have a distinct phase 2 or 3 and their conductivity continuously decreases over time therefore, their reactivity cannot be determined using this method. However, their % drop in conductivity rate over time during phase 1 was: 5.6% at 3 h, 4.7% at 4 h, 4.1% at 5 h for GGBS; and 5.3% at 3 h, 4.2% at 4 h, 3.6 % at 5 h for Leca. According to this, they are amongst the most reactive, falling between Metastar, and RHA. Therefore, according to this method, the most reactive pozzolans (in order of decreasing reactivity) are Metastar; GGBS and Leca; RHA and MS.
The results above suggest that, for the first hours of the pozzolanic reaction in suspension (phase 1), the dominant factor that determines pozzolanic activity is amorphousness followed by specific surface: Metastar and RHA are the pozzolans with a greater ability for lime fixation while MS, with the greatest surface area and SiO 2 content, shows approximately half of the binding lime capacity. This disagrees with previous authors stating that reactive SiO 2 and specific surface are the dominant factors that determine initial reactivity [26] .
3.6 Pozzolan reactivity according to activity indices and portlandite consumption
The percentage of lime combined by different pozzolans varies within wide limits, and depends on factors related to the nature of the pozzolan (chemical and mineral composition and specific surface area) and the mix characteristics (conditions within which the pozzolanic reaction occurs) [17] . This means that accurately deducing a pozzolan's reactivity is complex and dependant on the methodology, therefore, in this research, the reactivity was determined using the three methods above (Table 4 ) and the results later contrasted with the setting time of the paste. From the activity indices and consumption of portlandite (Table 4 , Fig. 8) , it is apparent that Metastar, GGBS, RHA and MS are the most reactive. Although not sensitive to the chemical index, GGBS has a mechanical index comparable to that of Metastar, much higher than any of the other pozzolans. In addition, it consumes portlandite in the first 6 h, therefore, it can be considered one of the most reactive pozzolans. These four most reactive pozzolans are either totally (GGBS) or mostly amorphous (Metastar, RHA and MS). In addition, Metastar, RHA and MS have a specific surface much higher than any of the other pozzolans, while GGBS has a lower specific surface but it is amongst the finest. This indicates that specific surface and amorphousness are important variables affecting reactivity (measured as strength development). In contrast, the silica content of the pozzolan affects the strength development of the paste to a lesser extent: GGBS and Metastar have nearly half the SiO 2 content of MS and RHA and yet approximately three times their strength.
Conclusion
This paper concludes that amorphousness determines pozzolan reactivity to a much greater extent than any other pozzolan property. It also concludes that the specific surface area of the pozzolan governs the water demand of the paste, while amorphousness determines the strength of the paste. In contrast, the chemical composition of the pozzolan is not instrumental as a variable affecting neither pozzolan reactivity nor strength.
The results evidenced that (except Metastar) the replacement of lime by pozzolan lowers the water demand of the paste. The flow test clearly subdivided the pozzolans into two groups of high (Metastar, MS and RHA) and low water demand (GGBS, Leca, PFA, RBD, Tile and YBD); and evidenced that the pozzolan's specific surface has a much greater influence on water demand than its particle size, amorphousness or the amount of pozzolan in the mix.
Metastar and GGBS pozzolans produce pastes of higher strength than any of the other pozzolans; these are followed by the high-silica pozzolans RHA and MS (68% reduction); and finally the PFA, Leca and the brick dusts with a mechanical index 89% lower than that of Metastar. The results indicate that the compressive strength of the paste depends on the amount of lime combined by the pozzolan; the type of hydration products formed; and the physical filler effect induced by the pozzolan. However, strength is mainly determined by the amorphousness and particle size of the pozzolan: a clear relationship between increasing amorphousness and increasing strength was established for all pozzolans, and it was confirmed that strength rose with decreasing pozzolan's particle size. The paper concludes that amorphousness, particle size and specific surface affect the strength development of the paste in a greater extent than the silica content of the pozzolan.
Rather than the pozzolan's reactivity, the mechanical index measures the strength of the paste, which not only relates to the early evolution of the pozzolanic reaction (amount of combined lime and hydrates formed), but also to physical factors that impact the density of the paste such as grain packing and composition and microstructure of the hydration products formed in the pozzolanic reaction. Despite this, there is a good correlation between the chemical and the physical activity indices. From these indices and the rate of portlandite consumption, it is apparent that the most amorphous pozzolans (Metastar, GGBS, RHA and MS) are the most active.
From the chemical index, the paper also concludes that the dominant factor that determines the initial activity of a pozzolan in suspension is amorphousness rather than SiO 2 content or specific surface.
It appears from the results that the amount of lime combined by reactive crystalline phases in the pozzolans is insignificant when compared to that bound by their amorphous fraction.
The behaviour and properties lime/pozzolan pastes are determined by complex relationships of interdependent variables including pozzolan surface area, particle size, chemical composition and amorphousness. These govern water demand and affect mechanical properties and reactivity.
